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Abstract.Motivated by BICEP2 results on the CMB polarization B-mode which im-
ply primordial gravitational waves are produced when the Universe has the expansion
rate of about H ≈ 1014 GeV, and by deviations from a smooth power-law behavior for
multipoles ℓ < 50 in the CMB temperature anisotropy power spectrum found in the
WMAP and Planck experiments, we have expanded our class of large field inflationary
models that fit both the BICEP2 and Planck CMB observations consistently. These
best-fitted large field models are found to have a transition from a faster roll to the
slow roll V (φ) = m2φ2/2 inflation at a field value around 14.6 MPl and thus a potential
energy of V (φ) ∼ (1016GeV)4. In general this transition with sharp features in the
inflaton potential produces not only suppression of scalars relative to tensor modes at
small k but also introduces wiggles in the primordial perturbation spectrum. These
wiggles are shown to be useful to explain some localized features in the CMB angular
power spectrum and can also have other observational consequences. Thus, primordial
GW can be used now to make a tomography of inflation determining its fine structure.
The resulting Wiggly Whipped Inflation scenario is described in details and the an-
ticipated perturbation power spectra, CMB power spectra, non-Gaussianity and other
observational consequences are calculated and compared to existing and forthcoming
observations.
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1 Introduction
The recent BICEP2 report [1, 2] of a CMB polarization B-mode signal consistent with
the signature of primordial gravitation waves (GW), when combined with previous
CMB temperature anisotropy data [3], has two consequences for the inflationary sce-
nario of the early Universe: (1) these GW are produced at the Universe expansion rate
H(t) ≡ a˙(t)/a(t) of about 1014 GeV in energy units and (2) the inflationary model has
to be modified to the extent of adding more parameters beyond the only one required
for its simplest realizations. As a result, the concordance model of the contemporary
Universe acquires more parameters, too. These are important consequences and their
strength depends upon the confirmation and improvement of the BICEP2 results. We
proceed under the assumption that the BICEP2 report is essentially correct for the
purposes of this paper.
In the context of the inflationary mechanism of primordial gravitational GW pro-
duction, what ultimately follows from the BICEP2 measurement is the expansion rate
H(t(k)) for the range of comoving wave vectors k corresponding to the multipoles
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ℓ = 30 − 100 at the time around their first Hubble radius crossing, k = aH , during
the early quasi-de Sitter (inflationary) stage. Tensor perturbations (to be primordial
GW after the second Hubble radius crossing much later, at the radiation or even recent
matter dominated stages) arise from quantum vacuum fluctuations of the gravitational
field at this stage. Their amplitude is determined by H during inflation, or it can be
said, by the de Sitter (Gibbons-Hawking) temperature T = H/2π, though the energy
spectrum of primordial GW after the second Hubble radius crossing is strongly non-
thermal that makes possible their detection at cosmological scales very much exceeding
the thermal scale of CMB. The power spectrum of primordial metric tensor perturba-
tions generated during the quasi-de Sitter stage, first calculated in [4] where the final
answer was presented in the equivalent form of the spectral energy density of GW after
the second Hubble radius crossing, is given by
PT (k) ≡ rPS(k) = 2H(k)
2
π2M2P l
(1.1)
where H(k) is the expansion rate H(t) estimated at the moment when k = aH during
inflation and MPl is the reduced Planck mass, MPl =
√
~c/8πG = 2.435×1018GeV/c2.
Using the normalization PS = 2.2× 10−9 at the pivot scale k =0.05 Mpc−1 (note that
GW contribution to CMB anisotropy is negligible for multipoles corresponding to this
scale), more precisely we have
H(k∗) = 5.0× 10−5
(r0.002
0.2
)1/2
5(0.96−nS)MP l ≈ 1014GeV (1.2)
where r0.002 is the tensor-to-scalar ratio at k∗ = 0.002 Mpc
−1 and nS is the scalar per-
turbation spectral index. H(k∗) determines the characteristic energy scale of inflaton
scalar particles and gravitons at the time of their creation. It is much less than the
energy density scale ∼ 1016 Gev (the GUT scale) of the inflaton potential that reflects
the fact that inflation is “cold”.
Moreover, the inflaton mass during slow-roll inflation should be in turn signif-
icantly less than H . In particular, would we restrict ourselves to the ℓ > 50 CMB
anisotropy data from Planck [3] and the CMB polarization B-mode data from BI-
CEP2 [1, 2], then the simplest inflaton model with V (φ) = m2φ2/2 and the constant
inflaton mass m ≈ 2 × 1013 GeV would produce a very good fit to these data for the
standard number of light neutrino species, Nν = 3 (in this case, H ≈ mφ/
√
6MP l).
So, even in this simplified approach inflation requires inflaton masses much less than
the GUT scale.
Now, with the three CMB anisotropy spectra, temperature and E and B-mode po-
larizations (actually TT, TE, EE, and BB power spectra), we can go much further and
determine the inflaton potential V (φ), its slope and, even more important for particle
physicists, the effective inflaton mass, m2eff = V
′′(φ), irrespective of the knowledge
of an underlying microscopic field (string, M-, etc.) theory. In particular, it will be
shown in our paper below that taking into account the features in the CMB anisotropy
spectrum observed for multipoles ℓ . 40 which are of the same order, ∼ 10%, as the
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relative contribution of primordial GW with r ∼ 0.2 to CMB anisotropy, leads to a
whole range of inflaton effective masses from 2×1013 GeV to 1014 GeV and even more.
The concordance model of cosmology is based on the assumption of the power-
law form of the primordial scalar perturbation spectrum and the spatially flat ΛCDM
background FLRW model. Though there were hints of deviation from the concordance
model since WMAP first year data [5], this model was consistent with the data within
uncertainties of observations. With Planck it has been shown that the data indicate
significant deviation from the concordance model at small k (ℓ < 50) [6]. At the
same time the data indicate certain localized features in the CMB angular spectrum
both for ℓ = 2, 3 and in the range 20 . ℓ . 40. However, the presence of the
large scale features could not be confirmed by CMB temperature data alone due to
cosmic variance. On the other hand, the BICEP2 data [1, 2], when combined with
the Planck temperature data [3], indirectly confirm these large scale features, most
importantly a strong suppression in the scalar primordial power spectrum (PPS) in
the range 20 . ℓ . 40 at more than 3σ [7], since in the presence of primordial GW
the required suppression in the scalar spectrum becomes larger. This confirmation
certainly opens up a possibility to look for particular inflationary models that provides
this suppression [7, 8, 11–14]. In [8] we have discussed canonical inflationary models,
Whipped Inflation, that can generate the large scale scalar suppression. Afterwards,
different inflationary models have been discussed in the context of reconciling Planck
and BICEP2 [15–24].
Though there have been efforts to reconcile the observations using an additional
neutrino [25] and non-Bunch-Davies vacuum [26] (which effectively changes the low-
ℓ power law), we remain firmly convinced that modifying the power law for the low
k scalar perturbation spectrum is probably the most likely and reasonable approach
which has been discussed in [7, 8].
In this paper, we go a step beyond our work in [8] and naturally extend the scope
of the Whipped Inflation potential. Implementing sharp features of the inflaton poten-
tial like its (smoothed) step-like behavior or a rapid change of its first derivative into
Whipped Inflation, we show that the new models generates oscillations/wiggles along
with suppression in the primordial scalar power spectrum at large scales (small k).
These oscillations along with the suppression fits the Planck angular power spectrum
of temperature anisotropy both at low ℓ < 50 and high ℓ better than the concordance
model of cosmology. The wiggles in the scalar primordial power spectra are imprinted
on the matter power spectrum too, which would change the large scale structure observ-
ables. From our analysis we identify two models and we estimate the probabilities to
detect the features in the scalar primordial power spectrum using large scale structure
data from a survey such as Dark Energy Spectroscopic Instrument (DESI) [9, 10] ∗.
The paper is organized as follows. In Sec. 2 we describe the tension between
Planck temperature anisotropy observation and BICEP2 B-mode observation within
the context of power law form of the scalar primordial power spectrum and mention the
possible ways to reconcile them. In Sec. 3 we provide the Wiggly Whipped Inflation
∗DESI is descended from BigBOSS and aimed at obtaining the optical spectra of galaxies and
quasars
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scenarios, and construct the potential we use in this work. Sec. 4 briefly discusses the
essential numerical details used to solve the potential and to compare the scalar and
the tensor PPS to the data. Sec. 5 provides the results of our analysis, confronting
the proposed theoretical models to the Planck, BICEP2 and other datasets and also
discussing the non-Gaussianities generated during inflation. We do also a forecast
analysis, deriving the shape of the matter power spectrum for the proposed models
comparing them with the expectations of the concordance model and see how well we
can distinguish these models from each other using the sensitivity of the future DESI
experiment. In Sec. 6 we summarize.
2 CMB Temperature and B-mode Polarization Tension
The Planck observed temperature anisotropy power spectrum is in tension with
the BICEP2 B-mode polarization spectrum in the context of the concordance model
of ΛCDM with a power-law scalar perturbation spectrum. Planck low-ℓ TT data was
previously ∼10% lower than the best-fitted model and, if the B-mode polarization
is interpreted as tensor modes, then the tensor modes should add low-ℓ temperature
anisotropy power. Due to the observed suppressed low-ℓ TT power spectrum, Planck
indicates low tensor-to-scalar ratio (r < 0.11 at 95% CL) [27], while BICEP2 indicates
much higher r (∼ 0.2). A reasonable way to address the tension is to bring in features
in the scalar primordial power spectrum. This in turn reflects that the single power
law form of the primordial spectrum is not supported by the observations. Hence, a
modification of the power law scalar PPS becomes necessary.
2.1 Necessity to Modify the Power Law Form
Scalar primordial power spectra can be modified by keeping an eye to the inconsisten-
cies in the datasets that are not addressed by conventional models. Parametrization of
the primordial power spectra and model independent reconstruction [28, 29] can reveal
the position of the features indicated by the data. We list a few possibilities to address
the feature in the scalar PPS from phenomenological and theoretical point of view.
2.1.1 Running the power law spectral index
The power law form of the primordial spectrum, PS(k), is described by,
PS(k) = AS(k/k∗)
nS−1, (2.1)
where, AS is the amplitude at the pivot scale k∗ and nS is the tilt of the spectrum.
Planck TT data constrains the value nS ∼ 0.9603± 0.0073. One can consider allowing
the index to vary with k so that nS(k) = nS(k∗) + dnS(k)/d ln k. The running scalar
spectral index have been used in order to reconcile the Planck and BICEP2 data [2, 13].
We need sufficiently large running dnS/d ln k ∼ −0.02 in order to match the data
which in turn modifies the small scale power as well. To calibrate the small scale
power, we then need another degree of freedom (neutrino mass, running of running,
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etc.). Running provides an improvement of −2∆ lnL ∼ −6.5 and indicates that power
law scalar PPS is rejected by more than 2σ. However, the data seem just to require a
PPS with a suppression in the large scales only, which is achievable by a break in the
power law.
2.1.2 Broken power law
Introducing a break in the power spectrum (two different slopes or powers) shows that
with one extra parameter the broken the PPS is supported by the data at more than 3σ
CL, compared to power law PPS [7]. The broken PPS can provide −2∆ lnL ∼ −12.5
improvement in fit compared to power law. The extra one degree of freedom makes the
PPS substantially more flexible compared to running spectral index without altering
small scale power. Theoretically different behavior of scalar field in early and late
stages of inflation can describe this phenomenological PPS. With the help of Whipped
Inflation we have shown that similar power spectrum is indeed achievable with low
level of non-Gaussianities and large tensors [8].
2.1.3 Step in the primordial perturbation spectrum
We [7] and others [11, 12] also showed that a step in the primordial perturbation scalar
spectrum would also provide a good fit to the Planck TT power spectrum. We show
here a displaced potential at a critical scale can easily produce such a step in the
PPS and the results fit the Planck and BICEP2 observations better than a simple
fixed power law. If the transition to the displacement is sharp, then there are wiggles
introduced to the higher-k modes but these still fit the observations well.
2.1.4 Step in the Inflaton potential
A step in the inflation potential where the power law breaks can generate an interme-
diate fast-roll phase which can produce localized wiggles in the scalar PPS and the TT
angular power spectra [30]. This helps us to fit a few features in the angular power
spectra near ℓ = 22 and 40. In this paper we shall demonstrate that a simple extension
of Whipped Inflation can naturally address the large scale suppression that can recon-
cile Planck and BICEP2 data along with the generation of wiggles in the scalar PPS.
The wiggles obtained from the extension can address the localized features in the TT
data. This has now become important since from BICEP2, any deviation at large scale
power is now more favored than the power law. Moreover, the future polarization data
and large scale structure data, with their projected sensitivity, can certainly falsify the
existence of these features.
2.2 Getting to the Inflation Potential
Here we outline what we expect from the Inflaton potential in order to satisfy different
observables.
1. Suppression of low-ℓ scalars but with large amplitude tensor perturbations.
2. A model that puts a feature on a scale between the horizon to (1/100)’th of the
horizon.
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3. Resume complete slow roll around ℓ > 100 and have it persist for an extended
(N > 50) e-folds.
4. Generate negligible non-Gaussianities [31] or non-Gaussianities that would have
been over-looked until now.
To begin with, let us consider the suppression of the low-ℓ scalars but with large
tensor perturbations. The scalar power spectrum from Inflation is given by PS(k) =
ASk
nS−1 and the amplitude PS(k) ∝ V (φ)3/Vφ(φ)2 while for the tensor perturbations
PT (k) = ATk
nT where the amplitude PT ∝ H2 ∝ V (φ) where V (φ) is the inflation
potential. To have significant, a la BICEP2, tensors one would need to have a relatively
steep potential and thus a large field inflation. However pushing V up would make the
scalars go up significantly unless one makes Vφ(φ) ≡ dV/dφ increase by enough more
to over compensate and reduce the scalars by the 10 to 15 per cent needed. That takes
one from the slow roll regime into the fast roll regime and then one needs to transit to
the slow roll regime to get sufficient e-folds to generate the full primordial perturbation
spectrum and to take care of other issues.
That approach takes care of both points one and two. In order to get to slow roll
(point 3) one must then transition to a less steep potential. Hence the need to break
the potential from a steep one to a significantly less steep one at a preferred scale to
make the transition from the low-ℓ ∼ 100 or low k to the higher ℓ or k portion.
We were concerned that such an abrupt transition would generate significant non-
Gaussianity, which is constrained under Planck observations. We were able to make
such a model and avoid the significant ringing that generically accompany abrupt
features. However, we have since realized that some ringing “wiggles” can actually
describe the data more precisely than the more damped versions.
3 Wiggly Whipped Inflationary Scenario
In the paper [8] we had introduced Whipped Inflation potential. In this paper, moti-
vated by possible Whipped Inflation scenarios and keeping an eye to the sharp features
in the temperature anisotropy data, we introduce a first order and second order tran-
sition in the Whipped inflation potential, which we call Wiggly Whipped Inflaton
potential. For similar types of transitions that were discussed in literature, see [32–37].
3.1 Wiggly Whipped first-Order Transition
In this transition we introduce a jump in the potential of the inflaton field at the
transition (φ0), given by Eq. 3.1.
V (φ) = γφp + λ [(φ− φ0)q + φq01] Θ(φ− φ0), (3.1)
Note that for φ01 = 0, the potential simply reduces to the Whipped Inflaton potential
that we proposed in the recent paper [8]. Since the field starts rolling from a steeper
power law potential and smoothly transits to a flat power law potential, we find a mild
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departure from initial slow-roll phase, imprinting a large scale suppression in scalar pri-
mordial power spectra. The modified Whipped Inflation potential with a discontinuity
φq01 in the potential at φ0, ensuring a momentary intermediate boost in the kinetic
energy of the scalar field during the inflation. The boost imprints wiggles/oscillations
in the primordial power spectra. One can certainly expect significantly large non-
Gaussianities as well from the model. Since a discontinuity in the potential gives rise
to divergent derivative in the potential at the transition, we smooth the discontinuity.
We have smoothed the discontinuity using step functions such as 1 + erf[(φ− φ0)/∆]
and 1 + tanh[(φ− φ0)/∆]. The features in the primordial scalar power spectrum and
the bispectrum depend strongly on the width of the transition ∆. In this paper we
have only considered (p, q) = (2, 3) since for Whipped Inflation we obtained best fit in
this combination [8].
3.2 Wiggly Whipped second-Order Transition
The second order transition in the inflaton potential originally appeared in [32] for
linear potential. Primordial features and non-Gaussianities generated by this inflaton
potential have been discussed widely in the literature [38–43]. Since BICEP2 data
indicated a large tensor-to-scalar ratio, we revisit similar transition in the context of
Whipped Inflation. The potential that we consider in this paper is given by 3.2.
V (φ) = γφp + λφp (φ− φ0) Θ(φ− φ0), (3.2)
Note that, the potential here is continuous at φ0 but not its derivatives. Here also,
following the first order transition we smooth the derivative of the potential with a
step function of width ∆. Here, we work with p = 2, quadratic inflation, we are able to
generate appropriate tensor amplitude that is supported by BICEP2 data. The scalar
PPS generated in this model comes close to providing a step in the primordial scalar
perturbation spectrum.
4 Essential numerical details
Background inflationary equations and the scalar and tensor perturbation equa-
tions for the Wiggly Whipped potential are calculated using the publicly available
code BI-spectra and Non-Gaussianity Operator, BINGO [41]. Allowing sufficient e-folds
∼ 60 − 70 and by using initial slow roll we fixed the inflaton initial condition. Initial
scale factor is estimated assuming that the pivot scale k∗ = 0.05 Mpc
−1 leaves the
Hubble radius 50 e-folds before the end of inflation. We have modified CAMB [44, 45] to
work with the BINGO outputs directly. To find the best fit we have Powell’s BOBYQA
method of iterative minimization [46] through COSMOMC [47, 48]. The commander and
CAMspec likelihood are used to estimate the low-ℓ and high-ℓ likelihood from Planck
data [3] respectively. We have used WMAP low-ℓ (2-23) E-mode polarization data [49]
(denoted as WP in results section). The complete BICEP2 likelihood is calculated us-
ing bandpowers for 9 bins for E and B mode polarization data. We should also mention
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here that to make our analysis robust, we have allowed the background cosmological
parameters and the 14 Planck foreground nuisance parameters to vary along with the
inflationary potential parameters. Note that for Planck, the estimation of the best fit
should be done in few steps, since the large number of parameters (inflationary poten-
tial parameters + 4 background cosmological parameters + 14 nuisance parameters)
often lead the method to a local minima in the parameter space. To get the best fit,
we have performed our search by changing the initial starting points in the parameter
spaces. In this paper, we shall present two such minima obtained for the first order
transition (Eq. 3.1) attempting to fit different features in the angular power spectra.
Moreover, it should be noted that since by default camb calculates the angular power
spectra in few multipoles and interpolate between them, to ensure that the wiggles in
the scalar PPS are not missed by the interpolation, we perform our analysis by calcu-
lating the angular power spectra in every multipole. The matter power spectra that
we present in our analysis for the best fit values of the parameters are also calculated
using camb. To calculate the non-Gaussianity for this inflationary model, we again
use BINGO in the equilateral limit. In all our analyses we have assumed spatially flat
FLRW Universe. In all our analyses we have assumed spatially flat FLRW Universe.
We have defined MPl
2 = 1/(8πG) and used ℏ = c = 1 throughout the paper.
5 Results and discussions
5.1 Best fit results
We start this section by tabulating the best fit results from Wiggly Whipped potential,
corresponding to Eq. 3.1 and 3.2 in Table 1. For the first order transition, we provide 2
results corresponding to two minima in the parameter spaces. We note that the width
of the step in the first order transition affects the scalar primordial power spectrum
severely. Our searches in the parameter space revealed that a relatively smooth step
(First order - I) leads to an improvement in the low-ℓ TT angular spectrum from
Planck and a sharp transition (First order - II) attempts to fit the high-ℓ glitches in
the TT power spectrum, unaddressed by the power law form of scalar PPS. In fact
it had been demonstrated in some earlier works [50] that violent oscillations in the
scalar primordial power spectrum might help to fit the CMB data better than power
law model.
Note that First order - I fits the CMB data from Planck + WP + BICEP2
significantly better (−2∆ lnL ∼ −13.5) than the power law PPS (for the best fit power
law, see [7]). Compared to Whipped Inflation, Wiggly Whipped performs better since
the wiggles at the large scale scalar PPS fits the features around ℓ = 22 and 40. First
order - II, on the other hand contains a sharp step in the potential which leads to
violent oscillations in the primordial and the angular power spectrum. We find that
the minima obtained around the sharp step region does not help to fit the low-ℓ data
better and in that sense is not particularly interesting to reduce the tension between
Planck and BICEP2. However, compared to power law scalar PPS, this wiggly scalar
PPS fits the high-ℓ CAMspec likelihood better and provides an overall improvement of
−2∆ lnL ∼ −8.6. We should mention that in the first order transition there exist a
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Best fit inflation potential (Eqs. 3.1 and 3.2) and cosmological parameters
First order - I First order - II Second Order
Ωbh
2 0.022 0.0219 0.0219
ΩCDMh
2 0.1203 0.1213 0.1205
100θ 1.041 1.04 1.041
τ 0.097 0.085 0.1
γ 2.65× 10−11 2.59× 10−11 2.68× 10−11
λ 2.13× 10−10 3.63× 10−10 5.2× 10−13
φ0 in MPl 14.66 14.69 14.59
φ01 in MPl 0.52 0.18 -
Ωm 0.32 0.33 0.32
H0 66.9 66.4 66.8
−2 lnL [Best fit]
commander [-1.13] -13.42 -1.44 -9.67
Planck (ℓ = 2− 49)
CAMspec [7797.29] 7795.68 7789.24 7794
Planck (ℓ = 50− 2500)
WP [2013.38] 2014.34 2013.39 2014.1
BICEP2 [40.04] 39.56 39.8 39.4
Total [9849.58] 9836.16 9841 9837.8
−2∆ lnL -13.42 -8.59 -11.8
Table 1. Best fit parameters for the Wiggly Whipped Inflaton potential Eqs. 3.1 and 3.2.
and the best fit cosmological parameters when compared with Planck + WP + BICEP2
data combination. The improvement in fit, −2∆ lnL is obtained upon comparing the χ2 of
the Wiggly Whipped scenario with the power law scalar PPS. The quantities in the square
brackets in the likelihood section denotes the best fit likelihood for power law PPS, mentioned
in [7].
large degeneracy between the steepness of the potential at the initial stages of inflation
(λ) and the extent of the discontinuity in the potential φp01, which is reflected in the
table. However, to explore the complete degeneracy we need to have a full Markov
Chain Monte Carlo analysis for the models which is beyond the scope of this paper.
The second order Wiggly Whipped potential provides an overall improvement 12
compared to power law PPS. Interestingly, the improvement comes both from low-ℓ
and high-ℓ. Hence, we get improvement both from commander and CAMspec which is
certainly interesting.
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Figure 1. Wiggly Whipped Inflation : [Top]- The best fit potentials (left) and their derivatives
(right) corresponding to Eqs. 3.1 and 3.2. [Middle]- The best fit first slow roll parameter (left) and
second slow roll parameter (right). [Bottom] The absolute value of effective mass of inflaton (left)
and the primordial scalar (solid) and tensors (dashed) power spectra (right).
5.2 Primordial scalar and tensor perturbation power spectrum
In Figure. 1 we plot the relevant quantities for the best fit values denoted in Table 1. At
the top left panel we plot the best fit potential for the first and the second order Wiggly
Whipped Inflation. Note that for the choice of the power p, q, the first order transition,
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at its best fit indicates a steep potential during the early stages of inflation, whereas
the second order potential is relatively flat during the complete inflationary phase. The
extent of the discontinuity though is not visible in the plot for the potential, it is evident
in the slope of the potential plotted to its right. For the First order - I, we find that
the derivative of the potential contains kink at the transition with finite width whereas
First order - II represents a sharp transition in the slope. The Second order, on the
other hand does not reflect a large change in slope but indicates a discontinuity at the
transition. The middle left panel contains the first slow roll parameter ǫH = −H˙/H2
for all the three cases for the best fits. Middle right panel contains the second slow roll
parameter ηH = d ln ǫH/dN . ǫH, ηH are plotted as a function of e-folds from the end
of inflation Nend. We find that First order - I and second order nearly indicates the
same time of transition but First order - II chooses an early transition that attempts
to fit spurious features in the high-ℓ Planck TT data. The second slow roll parameter
clearly distinguishes the different scenarios depending on how the step in the potential
and its derivatives are smoothed. The bottom left panel contains the absolute value
of effective mass of the inflaton (meff) as a function of field values. Note that during
the slow roll part of the potential all the scenarios suggest the meff ∼ 2 × 1013GeV.
However during the initial stages of inflation where we break the slow-roll moderately,
the inflaton effective mass increase by an order of magnitude (First order case). During
the transition, the rapidity of the transition or the sharpness of the step can increase
the effective mass to even higher values and it can reach the GUT scale. The primordial
scalar and tensor power spectra are plotted in the bottom right panel. First order - I
provides a scalar suppression at large scales and at the same time provides a dip around
0.002 Mpc−1 and a bump afterwards. However at larger wave-numbers the oscillations
soon dies and the scalar PPS converges to a power law form. First order - II, imprints
sharp oscillations that continue to the small scales with a decreasing amplitude. Here
the dip and the bump in the PPS is not pronounced compared to First order - I around
0.002 Mpc−1. The Second order generates a step in the scalar PPS. The discontinuity
in the slope of the potential leads to dip and bump around the same scales as in the
case of First order - I and also contains oscillations with decreasing amplitude that
continue in small scales like First order - II.
In Figure. 2 we present the angular power spectra (CTTℓ ) for temperature anisotropy
obtained for the three models described above along with the CTTℓ for best fit power law
PPS. The Planck data is plotted for the comparison. Note that the Wiggly Whipped
Inflation, for all the cases provide suppression in the large scales and at the same time
generates wiggles in the angular power spectra which helps to fit the Planck data better
than the power law PPS. In the same plot, at the bottom we plot the residual angular
power spectra ∆CTTℓ = CTTℓ |Model/data − CTTℓ |Power law ΛCDM. In the residual space the
features in the data are clearly visible and it is evident that Wiggly Whipped Inflation
model for different transitions are sensitive to different features in the data. First order
- I provides a scalar suppression at large scales and at the same time fits the drop and
excess in power around ℓ ∼ 22 and 40 respectively. First order - II mostly affects the
high-ℓ (ℓ ≥ 50) angular power spectrum and it can be seen that violent oscillations
around ℓ ∼ 200− 250, 500 and 750-800 addresses the features in the data around that
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Figure 2. Wiggly Whipped Inflation : Best fit CTTℓ plotted for the parameter values quoted in
Table 1. At bottom, the ∆CTTℓ , residual of the power law ΛCDM best fit model are plotted both
for data and the Wiggly Whipped Inflation. Note that in all the cases, Wiggly Whipped Inflation is
providing a large scale suppression along with intermediate wiggles in the angular power spectra.
region, which is unaddressed by the power law ΛCDM model. Second order Wiggly
Whipped potential provides the strongest suppression in the CTTℓ at large scales and
attempts to fit ℓ ∼ 22 and 40 features. Around the first CMB peak, the second order
also introduces oscillations which again helps to fit the data better. However, after-
wards the amplitude of the oscillations decreases which makes the smaller scale CTTℓ
very similar to the one obtained from power law PPS.
In Figure 3, for the same models we plot the polarization power spectra, i.e.,
CTE/EE/BBℓ . The data points fromWMAP 9 year observations and BICEP2 observations
are also plotted. Note that large scale suppression in scalar PPS are also reflected in
TE/EE polarization data. Compared to WMAP-9 it is clear that BICEP2 data points
are much closer to the model predictions in all the cases. From the plot of CBBℓ , it
is clear that all these models are able to fit the B-mode data to similar extent. We
must mention here that though the wiggles in the First order - II address the TT
data better than power law, there is a possibility that these oscillations fit noise in
the angular power spectrum. However, similar features in the polarization spectrum
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Figure 3. Wiggly Whipped Inflation : TE (top left), EE (top right) and BB (bottom) polarization
angular power spectra for different models and the data from WMAP-9 and BICEP2 are plotted. In
the top left panel, the inset contains the absolute values of TE angular power spectra.
will help us to distinguish real features from the random fluctuations. We expect with
Planck polarization data, we shall be able hunt down the features in the data with
much higher confidence.
5.3 Non-Gaussianity
Along with the power spectra which represents the two point correlations of pertur-
bations, we have constraints on the bispectrum from the Planck bispectrum mea-
surements. Based on Maldacena formalism [51] and following the methods described
in [29, 39, 41, 52] we use the publicly available code BINGO to calculate the bispec-
trum, specifically the local f
NL
in equilateral triangular configuration † for the Wiggly
Whipped Inflation. The constraints on primordial non-Gaussianity has been found to
†Local f
NL
can be derived from bispectrum B
S
(k1,k2,k3) as
f
NL
(k1,k2,k3) = −10
3
(2 π)−4 (2 π)9/2 k31 k
3
2 k
3
3 BS(k1,k2,k3)×
[
k31 PS(k2) PS(k3) + two permutations
]−1
and we use k1 = k2 = k3 = k for equilateral triangular case.
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be f
NL
= 2.7±5.8. For Whipped Inflation we have demonstrated that f
NL
isO(0.1−0.2)
which is certainly favored by Planck data.
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Figure 4. Wiggly Whipped Inflation : Bi-spectrum, specifically the f
NL
plotted in equilateral
triangular configuration. [Left] The f
NL
plotted for two first order transitions. [Right] The f
NL
plotted for the second order transition. For the second order transition, we plot the f
NL
for different
smoothing width of the transition or equivalently for different time taken by the scalar field during
the transition.
However, for Wiggly Whipped Inflation one can expect higher non-Gaussianity
due to sharp departures from slow roll. We present the f
NL
for the first order and
second order Wiggly Whipped potentials in Figure 4. In left panel we plot the f
NL
for First order - I and II cases. In the right panel we plot the Second order case with
different widths of smoothing. For the First order - I case, we find that the f
NL
is
O(2− 3) and for First order - II case, due to violent oscillations the f
NL
is boosted up
to O(300). The inset of the left plot contains the absolute value of f
NL
to demonstrate
the order of magnitude difference in these two first order transitions.
For the Second order Wiggly Whipped potential, we know that the discontinuity in
the slope of the potential does not affect the primordial spectrum significantly but since
f
NL
contains second derivative of the potential, which contains a Dirac Delta function,
for an instantaneous transition this model generates a linearly divergent bispectrum for
this model as has been shown before [41–43]. However, as have been argued in [42, 43],
for any physically plausible transition, which occurs in a finite time, the bispectrum
ceases to be divergent. This statement also holds true for the First Order -I and II,
however, since the power spectrum in the first order transition is directly related to
the smoothness of the step, we plot the bispectrum for the best fit smoothing width.
In the Second order case we plot the f
NL
for three different smoothing width ∆ (here
∆ denotes the width in field space in MPl). We note that for a very sharp transition,
∆ = 10−4 the f
NL
becomes linearly divergent, while for ∆ = 10−3 we find f
NL
reaches
a maximum value of 20 and then decreases, as has also been shown in [43]. For even
smoother transition (∆ = 10−2), we find f
NL
becomes O(2) at its peak ‡. We should
‡For a recent discussion on bispectra generated in the models with discontinuity in the derivatives
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mention that for these values of ∆, the primordial power spectra and hence the angular
power spectra remains unaffected.
Now, the question is whether the large values of the primordial bispectra are
supported by the Planck data. To answer this we need to compare the angular bispectra
obtained from these models with the Planck bispectrum data. From a first look, it
may be argued that since the violent oscillations in the primordial power spectrum
leads to a large and oscillating f
NL
, in a finite bin width of Planck resolution the f
NL
will be averaged out. However, to have a full understanding of the issue, we need to
wait for Planck polarization data to confirm the oscillations in Wiggly Whipped First
order - II case and then compare the bispectrum directly. Till then we can at least say
that Wiggly Whipped First order - I and Second order (for a smooth transition) are
completely consistent with Planck bounds.
5.4 Matter power spectra
Features in the primordial power spectra that are not located only in the large scales
can alter the matter power spectrum in the observable range of recent and future large
scale structure data. Wiggly Whipped Inflation introduces wiggles in the primordial
power spectra that are not just located in the largest scales. Due to the non-local nature
of the wiggles, in future it might be possible to identify and constrain them from matter
power spectra data from DESI with high confidence. In Fig. 5, we provide the matter
power spectra for the Wiggly Whipped potentials (Eqs. 3.1 and 3.2) for the best fit
values of the potentials and the corresponding cosmological parameters provided in
Table 1. The left panel of the Fig. 5 contains the matter power spectra for different
models and right panel contains the ratio of matter power spectra for different Wiggly
Whipped models with respect to the matter power spectrum obtained from power law
scalar PPS. Note that the First Order-I and the Second Order case imprints oscillations
affecting a broad range from the very large scales till the baryon acoustic oscillations
scales. This long range deviation from the expectations of the power-law PPS might
be detectable by the future large scale structure surveys such as DESI [10].
The fractional error estimates from for DESI § are provided in the right panel.
Note that we have overlayed the errors on the Second Order transition, since this model
provides a long range oscillations with sufficiently large width for detection. For the
First Order - I, the large scale dip might be also well constrained with DESI. Inde-
pendent detection of such large scale features with DESI would significantly increase
confidence in the Wiggly Whipped scenarios as a robust model of inflation especially
if CMB data continues to fit these models well. Second Order model contains both
the large scale dip and oscillations extending till BAO scale and it will probably be
more tightly constrained since around BAO scales we shall have more control on the
data due to low cosmic variance and large amount of cleaner data. Note that both
First Order -I and the Second Order Wiggly Whipped is showing an excess in power
at small scales compared to power law PPS. This is happening due to the fact that
of the potential, see [43, 53]
§Private communication with Pat Mc Donald.
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Figure 5. Wiggly Whipped Inflation : Matter power spectra (left) obtained from the best fit
potential and background parameters (in Table 1) and the ratio (right) w.r.t. the matter power
spectra obtained from power law best fit model. The DESI forecasted fractional errors are overlayed
in the right panel as well. Note that from the future matter power spectrum data we shall be able to
identify specific features in the primordial power spectrum.
the best fit parameters are obtained only from CMB data, where no large scale matter
power spectra data has been used.
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Figure 6. Probability distribution function of ∆χ2 = −2 [ln[LPower law]− ln[LWiggly Whipped fiducial]]
for the two cases of Wiggly Whipped first order - I and Wiggly Whipped second order are plotted.
10000 realizations of the future DESI binned matter power spectrum data have been used in these
simulations. One can clearly see that the future matter power spectrum data will be sensitive to
the features of the primordial spectrum providing us additional hints towards deviations from the
standard power-law form of the PPS.
In order to have a quantitative estimate of the expected sensitivity of DESI to-
wards determining the features in the scalar PPS, we generate 10000 mock data using
the projected errors in different scales based on two fiducial models. We have used
Wiggly Whipped first order - I and second order as fiducial models since these two
models have features which will not be averaged out in a detectable bin width.
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For the 10000 data realizations we obtain the likelihood from the corresponding
fiducial model (ln[LWiggly Whipped fiducial) and the power law (ln[LPower law]) allowing an
overall amplitude shift. The probability distribution function (PDF) of the likelihood
difference ∆χ2 ≡ −2∆ ln[L] = −2 [ln[LPower law]− ln[LWiggly Whipped fiducial]] is plotted
in Fig 6. One can see that the future matter power spectrum large scale structure data
can indeed distinguish the Wiggly Whipped second order model and power-law with
a very high confidence. It is also evident that the future matter power spectrum data
can give us clear hints for the case of Wiggly Whipped first order - I or any similar
case deviating from the expectations of the power-law form of the PPS.
5.5 Gravitational Waves
We have calculated the inflationary gravitational wave spectrum for our models and
shown them in the bottom right panel of Figure 1. As can be seen they are tilted
red relative to scale invariant spectrum, which implies that they would be detectable
by BBO (Big Bang Observer) but not by eLISA [54] or LIGO [55] II or III. Thus, if
these models continue to fit new observations, the interest in BBO gravitational wave
detector becomes more strongly motivated.
6 Conclusions
In this paper we explored a range of variations for the Whipped inflation scenario that
we had discussed in a recent paper [8] in the light of Planck and BICEP2. Introducing
a discontinuity in the potential and/or its first derivative at the transition point of the
Whipped Inflation potentials, we have shown that in general sharp time or field value
structures in the inflaton potential introduce Wiggles in the primordial power spectrum
as one would expect. These wiggles can be supported by the CMB TT angular power
spectrum data from Planck. Apart from reconciling the Planck and BICEP2 data
with a large scale scalar suppression, Wiggly Whipped Inflation models go one step
further and addresses features in the TT data from Planck. A discontinuous step
introduces an instantaneous transition in the field value or potential, which might result
in divergent two point and three point correlation function of curvature perturbations.
For a realistic transition we model the discontinuity with a smoothed step in the
inflaton potential (WWI type I, or first order) or by a rapid change of its first derivative
(WWI type II, or second order). By comparing with Planck and BICEP2 data we show
that in both the cases we get significant improvement in likelihood compared to power
law scenario. For two different smoothing widths we obtain two different kinds of scalar
PPS ; one of which fits the low-ℓ broad features and the other attempts to fit features
in the high-ℓ Planck TT data.
These best-fitted large field models are found to have a transition from a faster
roll to the slow roll V (φ) = (1/2)m2φ2 inflation at a field value around 14.6MPl and
thus a potential energy of V (φ) ∼ (1016GeV)4. In general this transition and any
features in the large field potential produces not only suppression of scalars relative
to tensor modes at small k but also introduces wiggles in the primordial perturbation
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spectrum. These wiggles can help fitting localized features in the CMB angular power
spectrum and can affect other cosmological observables too.
On the other hand, the WWI type II introduces large-scale scalar suppression
by generating a step in the large scale TT spectrum. Along with the step this model
also introduces oscillations in the intermediate scales. This step and the oscillations
helps to fit both the large and intermediate scale temperature data from Planck sig-
nificantly better than the power law scalar PPS. The presence and importance of such
wiggles/oscillations can be tested by the future polarization data as well. In this regard
Planck polarization data can be very insightful. We should note that for the purpose
of cosmological parameter estimation using other CMB observations such as B-mode
polarization data from POLARBEAR [56] and SPT [57] can be also very useful. We
also calculated the extent of non-Gaussianities, especially the bispectra in these models
and we found that for the models we considered, for a finite-time transition, the f
NL
is
consistent with Planck bounds. For a very sharp transition, where the f
NL
is large but
oscillating rapidly around zero, the agreement with the data needs to be checked with
more carefully binned Planck bispectrum data.
Moreover, we also present the matter power spectrum in these models at their
best fit values. Using the forecasted errors from DESI, we argue that the matter
power spectrum constraints will certainly be able to confirm the existence of the wiggly
features in the primordial power spectrum if they are really present. If such models
become highly favored by the data then one can think of next generation of large scale
structure surveys to provide improved sensitivity to the low-k region.
Here we can summarize that with the full set of CMB temperature and E and
B-mode polarization anisotropy spectra, we can determine the inflaton potential, its
slope and, most importantly for particle physicists, the effective inflaton mass without
needing to know the underlying microscopic field (string, M-, etc.) theory. In particu-
lar, in WWI this mass, while being almost constant and ∼ 2× 1013 during the last 50
e-folds of inflation, grows and becomes of the order of 1014 GeV and higher when the
inflaton field reaches the value φ = φ0 where its potential has a sharp feature. We have
shown that around the sharp feature the effective mass of inflation can reach the GUT
scale depending on the rapidity of the transition. All this follows from cosmological
observational data, leaving to theoreticians to extract this complicated and fine mass
spectrum from particle physics at such high energies.
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